We show that EphBs and ephrin-Bs control unique
EphB and Ephrin-B Expression Patterns in Retina EphB2 and EphB3 Are Required for Appropriate and SC Suggest Role in Topographic Mapping
Retinocollicular Mapping In situ hybridization with antisense riboprobes reveals To investigate roles for EphBs/ephrin-B1-mediated sigin the developing mouse retina, including the RGC layer, naling in mapping, we analyzed the topographic projecthe expression of four of the five EphBs that bind ephrintions of RGC axons in SC of mice deficient for EphB2 and Bs. EphB2, EphB3 (Figure 1) , and EphB4 (data not EphB3 at a stage when topography of the retinocollicular shown) are expressed in a low to high D-V gradient in map resembles its mature form. Focal injections of the the RGC layer; EphB2 is most strongly expressed and axon tracer DiI were made in retina between P7 and EphB4 most weakly. EphB1 expression is not graded P9 and labeled RGC projections were analyzed in the (Birgbauer et al., 2000), and EphB6 is not detected (data contralateral SC one day later. Anatomical analyses indinot shown). The graded expression of EphB2 and EphB3 cate that the visual pathway and the SC appear normal is modest at E14 (data not shown), strongest at P0 (Fig- in structure and size in the mutants (data not shown). ures 1A, 1B, and 1D), and still detected at P4 (Figures Because ventral retina has the highest level of EphB 1C and 1E). EphB4 expression is detected at E14, but expression, we focused on cases with injections made does not appear to be graded; at P0 and P4, a shallow into the ventral part of temporal (VT) retina. We also low to high D-V gradient is detected (data not shown).
analyzed a smaller number of cases with injections in One of the three ephrin-Bs, ephrin-B1, is expressed dorsal retina. We only used cases in which we confirmed in a gradient across the SC. In situ hybridization detects in retinal whole mounts that a single DiI injection was ephrin-B1 mRNA in the ventricular zone (VZ) of the SC appropriately sized and targeted, and well-labeled axat E14 (data not shown), and in a low to high L-M gradient ons originated only from that site. All analyses were at P0 ( Figures 1F-1H In the EphB2; EphB3 mutants, the ectopic TZs are 1997; data not shown). We did not detect ephrin-B2 always located lateral to the correct TZ ( Figure 2G ). expression in the SC. However, at each age examined, Along the A-P axis, the ectopic TZs are often shifted ephrin-B3 is strongly expressed at the midline separatslightly posterior to the correct TZ, but some are located ing the left and right SCs (P0; Figure 1K) .
at the same A-P location or are shifted slightly anterior In situ hybridization also reveals expression of ephrinto it ( Figure 2H ). This finding may suggest that EphBs Bs in retina and EphBs in SC. At P0, ephrin-B1 (Figure not only mediate D-V mapping, but also to a lesser extent 1L) and ephrin-B2 ( Figure 1M ) are expressed in a high T-N mapping. Alternatively, the small A-P shift of the to low D-V gradient in the RGC layer. Both also exhibit ectopic TZs may reflect the curved geometry of the SC graded expression in the RGC layer at P4 (data not or may be due to competitive interactions with axons shown). In addition, ephrin-B3 is expressed at low levels arising from more dorsal retina. Injections in dorsal retin the embryonic RGC layer (Birgbauer et al., 2000) . ina did not reveal topographically aberrant projections EphB2 and EphB3 are expressed in a high to low L-M (n ϭ 8; data not shown), but if laterally located ectopic gradient in the SC VZ at P0 (Figures 1N and 1O ) and P4
TZs were present, they could be difficult to distinguish (data not shown). Thus, ephrin-Bs and EphBs exhibit from the correct TZ. opposing gradients of expression in retina and SC.
In situ hybridizations were done in EphB2 Figures 2K and 2L) . In some cases, EphB3 Ϫ/Ϫ mutants ( Figure 2I ). These findings show that the dominant contribution of EphB-ephrin-B1 interacwe also observe aberrant, branched axons medial to the correct TZ, but they do not form a focused ectopic tions to RGC axon mapping from ventral retina is forward signaling rather than reverse signaling. TZ ( Figures 2I and 2J ). In summary, we find that EphB2 ki/ki ; EphB3 Ϫ/Ϫ mutants Mapping defects are also more frequent in EphB2 ki/ki ; EphB3 Ϫ/Ϫ mice. Aberrant maps are observed in 60% have the highest frequency of aberrant maps, followed L-M extent of the TZ are directionally biased toward the sion. The reduced medial extension of branches is more pronounced in EphB2 ki/ki ; EphB3 Ϫ/Ϫ mice (n ϭ 8 mice, emerging TZ, and exhibit a similar bias in directional extension toward the TZ whether they originate medial 503 branches; Figure 4D ), in which regardless of the bin of origin, branches preferentially extend laterally (DCs: or lateral to it. In contrast, the parent RGC axons maintain roughly parallel trajectories as they extend posterilateral bin ϭ Ϫ0.04; TZ bin ϭ Ϫ0.26; medial bin ϭ Ϫ0.42). This finding supports the conclusion from our analyses orly across the SC (Figure 3) Our analyses covered the entire D-V axis and approximately one half of the T-N axis. Although we did not find mapping defects with dorsal retinal injections, this analysis was hindered by the fact that the main defect in EphB mutants is laterally shifted ectopic TZs, which are difficult to distinguish from the correct TZ, which for dorsal RGCs is normally positioned laterally. Although our analyses focused on temporal retina, because the D-V graded EphB expression is similar in temporal and nasal retina, and the L-M graded ephrin-B1 expression is maintained along the entire A-P axis of the SC, it is reasonable to assume that mechanisms for D-V mapping of temporal RGCs would be representative of nasal RGCs. (Feldheim et al., 2000) . Thus, these two ephrin signaling systems are both required for proper retinotopic mapping, albeit along different axes. Although develop- 
The development of the retinotopic map requires the coordinated representation of the T-N and D-V retinal axes along the A-P and L-M axes of the SC, respectively. The magnitude of the D-V mapping defects in EphB mutants is similar to that reported for endpoint analyses of the T-N retinal map along the A-P axis of the SC in ephrin-A5 mutants (Frisen et al., 1998), and even greater than the T-N mapping defects in ephrin-A2 mutants
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